Semiarid ecosystems are threatened by global warming due to longer dehydration times and increasing soil degradation. Mounting evidences indicate that, given the current trends, drylands are likely to expand and possibly experience catastrophic shifts from vegetated to desert states. Here we explore a recent suggestion based on the concept of ecosystem terraformation, where a synthetic organism is used to counterbalance some of the nonlinear effects causing the presence of such tipping points. Using an explicit spatial model incorporating facilitation and considering a simplification of states found in semiarid ecosystems i.e., vegetation, fertile and desert soil, we investigate how engineered microorganisms can shape the fate of these ecosystems. Specifically, two different, but complementary, terraformation strategies are proposed: Cooperation-based: C-terraformation; and Dispersion-based: D-terraformation. The first strategy involves the use of soil synthetic microorganisms to introduce cooperative loops (facilitation) with the vegetation. The second one involves the introduction of engineered microorganisms improving their dispersal capacity, thus facilitating the transition from desert to fertile soil. We show that small modifications enhancing cooperative loops can effectively change the location of the critical transition found at increasing soil degradation rates, also identifying a stronger protection against soil degradation by using the D-terraformation strategy. The same results are found in a mean field model providing insights into the transitions and dynamics tied to these terraformation strategies. The potential consequences and extensions of these models are discussed.
In order to predict the impact of synthetic bioengineering strategies in arid and semiarid ecosystems, a spatial model given by a stochastic cellular automaton (CA) is introduced. Let us first consider the microscopic rules associated with the dynamics, as described by a set of transitions among the three defined ecological states. The basic transition diagram is displayed in Fig. 1(c) , which includes the three potential states characterising a given patch, namely Σ = {D, S, V }.
These states, as mentioned, are defined by desert (D)
where m is the death rate of the plants, which can occur 139 due to pathogens or the recollection by livestock activity. 2. D-terraformation: Engineering the capacity of microbial spreading (e.g., faster replicative rates of the microbes, increased formation of endospores able to colonise local surroundings). The dispersal is here considered proportional to the term
Here ρ s is the local density of fertile soil. In other 155 words, at a rate β, engineered strains improve their 156 dispersal capabilities thus changing the properties 4 (mean field) and a discrete spatial setting using a stochas-165 tic cellular automaton (CA). 
Equation (2) 
leading to:
Under this model reduction, the fraction D is automat-201 ically obtained from Eq. (5) once the fractions of states 202 V and S are determined. We must note that Eqs. (6)-203 (7) have been recently studied in Ref.
[46] for the none 204 engineered system (that is taking α = β = 0).
205
We are specially interested in those scenarios involving Figs. S1-S4 for further details on the dynamics of the 229 equilibria on the simplex (V, S).
230
The conditions defining the local stability of each equi-231 librium can be obtained by means of the eigenvalues of 232 the Jacobian matrix J , given, for Eqs. (6) and (7), by:
The eigenvalues of matrix J evaluated at an equilibrium 235 provide its local stability conditions. The stability for 236 equilibria P * 1,2 can be easily computed, while the stability . We note that in the phase portraits (i) and (ii) there exists an interior saddle (see Figs. S1-S4 for the identification of the nullclines and dynamics). Green, blue, and red regions of the phase portraits denote the equilibrium states of V -S coexistence, S-D coexistence, and full desert, respectively. The other parameters are r = 0, f = 0.9, δ = 0.1, b = 0.6, c = 0.3, and m = 0.15. the stability. (iv) of Fig. 2(C) ), see also Fig. S7 where the transcritical 294 bifurcation is shown. 7 strategies. However, in order to test its robustness in a 321 more ecologically-realistic setting, one has to take into 322 account both local spatial correlations and stochastic ef-323 fects. To do so, we build a spatially-explicit simulation 324 model given by a stochastic cellular automaton (CA).
325
The CA incorporates the previously studied states (V , 326 S, D) and their transitions, which are now probabilis-327 tic. Spatial degrees of freedom are introduced by using a 328 L × L square lattice with periodic boundary conditions.
329
At each time step, the following four transition proba-330 bilities defining the rate of change for each site k of the 331 lattice (see Fig. 1 ) are applied in an asynchronous man-332 ner:
Here, M k is the neighbourhood of site k and M N = 8 relations shifts the extinction of the vegetation to larger 371 values of ε. Consistently with mean field results, both 372 the Cand D-terraformation displace the value of ε c to 373 larger values, being the (C, D)-terraformation strategy 374 much more efficient in doing so under the selected pa-375 rameters. The spheres displayed in Fig. 3(C) show the 376 spatial patterns at equilibrium for the regions labeled in-377 panel (c) of Fig. 3(B) , with: (i-ii) coexistence of the three 378 states; (iii) only fertile soil and desert patches; and (iv) 379 the full desert scenario.
380
In order to identify the nature of the transitions tied to 381 the increase of ε, we have computed the stationary values 382 of the fraction of areas with vegetation and fertile soil.
383
We recall that both mean field and well-mixed stochas-384 tic simulations for the system without terraformation re- 
where we have used the mean over the entire lattice, given 434 by 435
The fluctuations diverge in a characteristic fashion 436 ( Fig. (4)(a,b) with another as nearest neighbors).
450
The number of clusters of a given size and their dis- 
